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INTRODUCTION
Tardigrades allocate energy in growth (through an indeterminate number of molts), maintenance of somatic tissues, storage, and other activities. This implies physiological trade-offs, i.e., energetic allocation among processes that directly compete with one another for limited resources of the animal. Maintenance energy is usually assumed to have priority over other needs (Jokela & Mutikainen 1995; Heino & Kaitala 1999 ). Surplus energy is energy in excess of maintenance that can be allocated to other functions, such as locomotion, stress responses (e.g. cryptobiosis), and feeding, other than reproduction.
Even though tardigrades are not true euthelic animals (mitoses are present in somatic and germinal tissues; Bertolani 1970a), during their somatic growth they maintain a constant cell number in most tissues (Bertolani 1970b) . Tardigrades consume energy increasing their body size mainly with a cell size increase and producing new cuticular structures (cuticle, claws, buccal tube, and placoids) during each molt. They do not recover old cuticular structures; therefore, the energy used to renew them is lost. In tardigrades, surplus energy is partially stored in storage cells floating in the body cavity (May 1946 (May /1947 Rosati 1968; Węglarska 1975; Szymanska 1994) . The consumption of this surplus energy has been evidenced during stress responses. A reduction of storage cell sizes has been observed in relationship to anhydrobiotic processes (Jönsson & Rebecchi 2002) and in relationships to reproduction (Szymanska 1994) . Another very high energetic cost bound to stress response is represented by the encystment (found in some tardigrades), in which several bucco-pharyngeal apparatuses and cuticles are serially produced .
Data on tardigrade life histories are still limited (Suzuki 2003; Altiero et al. 2006; Hohberg 2006) and energy allocations for reproduction and associated trade-offs have been little investigated.
In their study on phenotypic factors affecting anhydrobiotic survival, Jönsson & Rebecchi (2002) found that animal reproductive stages did not affect survival, whereas body size and energetic condition, indicated by storage cell sizes, interact in affecting survival probability.
To improve our knowledge on energy allocation, we considered specimens of bisexual populations of Macrobiotus richtersi Murray, 1911 and Hypsibius convergens (Urbanowicz, 1925) living in the same substrate but differing in evolutionary histories (belonging to Macrobiotidae and Hypsibiidae, respectively), diet, and way of oviposition. All eutardigrade females mature and lay groups of eggs throughout adult life in association with molt (Rebecchi & Bertolani 1994) . According to Bell's (1976) definition, tardigrade females are semicontinuous iteroparous. The reproductive patterns of eutardigrade males vary among species, for example in M. richtersi there is a continuous maturation in a zonal gonad, i.e., the mature testis always contains groups of germ cells at different maturation stages, including spermatozoa (Rebecchi & Bertolani 1994) . The reproductive pattern of H. convergens is unknown.
METHODS
Samples of two layers of beech litter (from 0 to 3 cm and from 3 to 6 cm in depth) were collected bimonthly from July 1997 to July 1998 (7 samplings) in a woody area at Piane di Mocogno (Northern Apennines, Modena, Italy), 1200 m a.s.l. Tardigrades were extracted from beech litter using modified Baermannfunnels. Animals were then fixed in Carnoy fluid (methanol: acetic acid 3:1; v/v), stained with acetic carmine and finally mounted on slides with a standard amount (two drops) of Faure-Berlese mounting medium.
The reproductive investment of tardigrades was estimated on the basis of gonad size because the absolute amount of energy devoted to reproduction could not be determined in these small animals. Gonad size reflects the gonad productivity and gives an estimate of the reproductive resource budget (Schärer et al. 2005) . The somatic investment has also been inferred on animal sizes. If we consider reproductive effort as the amount of energy allocated to reproductive tissues in a defined time (e.g. the time of a reproductive event), an estimation in relative terms of such an amount (here called relative reproductive effort: RRE) can be obtained by the ratio between gonad area and body area.
All measurements were carried out only on well positioned and extended tardigrades ( Fig. 1 ) with mature germinal cells (i.e. testis with spermatozoa, ovary with oocytes in advanced vitellogenesis). Animal and buccal tube lengths were measured according to Pilato (1981) . For the evaluation of body and gonad areas, digital images (400 × 300 pixels) were acquired using a Polaroid DMC 1e LowLight Kit photo-camera connected to a Leitz DM RB microscope. An objective with 20× magnification was used for body area, 40× for ovary area, and 100× for testis area. Body areas were determined excluding legs. Gonad areas did not include gonoducts. Area measurements were obtained by the image analysis program Image Pro Plus, available at Centro Interdipartimentale Grandi Strumenti of the University of Modena and Reggio Emilia. Percentage errors of area measurement were calculated as sd 100 m -1 (sd = standard deviation of 10 measurements of the same area; m = mean area of the 10 measurements). Inferential test of allometry and related Z statistics were performed according to Skelton (1993) . When Z was considerably different than ± 1.96 the relationship between measures was considered allometric; if not, it was considered isometric.
Statistical analyses (ANOVA, Regression analysis, Pearson Correlation test) were performed with SPSS and Excel. 
RESULTS

Macrobiotus richtersi
Animals were found in both layers considered and in lower numbers in November and January. The population was bisexual. Of a total of 572 specimens, 118 were recognizable as males with sperms, but only 14 were females with oocytes in advanced vitellogenesis (out of a total of 63 females identified). In several specimens we were not able to identify sex. Males were present in all samplings and represented a large fraction of the population (Fig. 2 ), whereas females with mature oocytes represented a low fraction of the population.
Males have shorter buccal tube length, are shorter, have smaller body size (mean 2.6 times) and gonad areas (mean 13.6 times) than females (Tabs 1 and 2). Body areas of the largest females are 4.8 times than those of the smallest mature ones; those of the largest males are 8.3 times than those of smallest mature males (Tab. 1). Tab. 1. Buccal tube length (µm), body length (µm), body area (µm 2 ), gonad area (µm 2 ) and RRE in Macrobiotus richtersi. n. = number of specimens; max mean = mean of the four largest measurements; min mean = mean of the four smallest measurements; max min -1 = ratio of the mean of the four largest measurements and mean of the four smallest. Percentage error of measurements: 1.5% for body areas, 0.9% for female gonad areas, 0.5% for male gonad areas. Considering both sexes, either together or separately, buccal tube length is directly related to animal length, and to body and gonad areas (Fig. 3 and Tab. 2).
In both sexes, animal length is directly related to the body and gonad areas (Tab. 2) and the gonad areas are directly related to the body areas ( Fig. 3 and Tab. 2). The buccal tube and the animal lengths result in an isometric relationship (Z of males plus females = 1.53; Z of male = 1.50; Z of female = 1.59), whereas body and gonad areas result in allometric relationship (Z of males plus females = 9.46; Z of male = 4.43; Z of female = 4.32).
Male RRE is lower than female RRE (Tab. 2), meanly 4.1 times smaller (Tabs 1 and 2). When analyz-
Tab. 2. Values of P between parameters in Macrobiotus richtersi (Pearson Correlation test)
. bt = buccal tube; bl = body length; ba = body area; ga = gonad area; RRE = relative reproductive effort; M = males; F = females; M+ F = males + females; F M -1 = ratio of the male mean values and of female mean values. 
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ing males plus females, RRE is directly related to buccal tube and animal lengths, and to body areas ( Fig. 3 and Tab. 2). Considering genders separately, these relationships are still present, with the exception of the relationship between RRE and animal length in females (Tab. 2). The mean number of oocytes within the ovary is 3.5 (SD = 2.1; highest value = 6, lowest = 1).
Hypsibius convergens
Animals were found mainly in the upper leaf litter layer. They were in lower number from July to November. A few cysts have been found. The population is bisexual. We collected 692 animals. Of them we identified 30 males with sperms and 124 females (30 of them with oocytes in advanced vitellogenesis).
Males of H. convergens are characterized by a continuous and simultaneous presence of different maturative stages of germinal elements, spermatozoa included. The maturation is zonal, as in M. richtersi. Females mature and lay groups of smooth eggs inside the exuvium. Males, when present, represent a low fraction of population (Fig. 2) ; females with mature oocytes were present in all samplings.
Males are shorter with shorter buccal tube lengths and a smaller body size (mean 1.9 times) and gonad areas (mean 3.9 times) than females (Tabs 3 and 4). The body areas of the largest females are about 4.4 times those of the smallest mature females, whereas this ratio is 2.1 in males (Tab. 3).
Considering sexes together, the buccal tube length is directly related to body length and to body and gonad areas (Fig. 3 and Tab. 4). Animal and buccal tube lengths have an allometric relationship (Z = -2.07), as do body and gonad areas (Z = 4.26). In females, animal length is directly related to buccal tube length and to body and gonad areas; the gonad area is directly related to buccal tube length, to animal length, and to body area ( Fig. 3 and Tab. 4). Animal and buccal tube lengths have an isometric relationship (Z = -1.59), as do body and gonad areas (Z = 1.44). In males, animal length is directly related to body area, whereas gonad area is not related with any other morphometric character (Fig. 3 and Tab. 4). Male RRE is lower than female RRE (Tabs 3 and 4). Males plus females RRE is directly related to buccal tube and animal lengths and to body areas (Tab. 4). These relationships cannot be confirmed when sexes are analyzed separately (Tab. 4).
Tab. 3. Buccal tube length (µm), body length (µm), body area (µm 2 ), gonad area (µm 2 ) and RRE in Hypsibius convergens. n. = number of specimens; max mean = mean of the four largest measurements; min mean = mean of the four smallest measurements; max min -1 = ratio of the mean of the four largest measurements and mean of the four smallest. Percentage error of measurements: 1.5% for body areas, 0.9% for female gonad areas, 0.5% for male gonad areas. The mean number of oocytes within the ovary is 5.1 (SD = 2.4; highest value = 9, lowest = 2).
Macrobiotus richtersi vs Hypsibius convergens
The percentages of mature males are always higher in M. richtersi than in H. convergens, whereas percentages of females are generally higher in H. convergens as compared to M. richtersi (Fig. 2) .
The specimens of M. richtersi have a longer body and buccal tube and larger body area than those of H. convergens (Tab. 5). In absolute value M. richtersi females have a larger gonad than H. convergens females (Tab. 5), whereas H. convergens males have a marginally significant larger gonad than M. richtersi males (Tab. 5). The RRE of H. convergens females and males are higher than those of M. richtersi (Tab. 5). 
DISCUSSION
The two species considered live in the same substrate but are characterized by different reproductive strategies and probably different life cycles, even though both can be considered r-strategists. Difference in the reproductive strategy is reflected in the way of oviposition in eutardigrades. Even though in eutardigrades oviposition is always associated with molt (Bertolani 2001), M. richtersi, as do all macrobiotids, lays free ornamented eggs. In contrast, H. convergens, as many hypsibiids, lays smooth eggs within the exuvium. In M. richtersi, the eggs of the same clutch are not always laid in one event (Hohberg 2006; Altiero pers. comm.) and can hatch at different times Hohberg 2006) . These strategies can scatter the eggs widely in space and time. On the contrary, in H. convergens eggs are laid at one time reducing the scattering in space (no data are available on the hatching time).
The two species differ in the energy allocated to somatic growth and to reproduction. In tardigrades, buccal tube length and animal length are directly related (Higgins 1959; Rebecchi et al. 2006) . Buccal tube length, animal length, and body area normally increase with age; therefore these characteristics can be used to determine the relative age of animals. On the other hand, we should consider that a smaller body size in males than in females characterizes both M. richtersi and H. convergens. A similar sexual dimorphism has previously been observed both in Arthrotardigrada and in Eutardigrada (see Bertolani 1992) . No data exist in the literature on different sizes of newborns, either bound to their sex or to other factors (e.g. egg size, evolutionary histories). We can suppose that females and males of both species have similar sizes at hatching and that in both species and in both sexes the different sizes of mature animals should represent the increase of body sizes during the lifespan. As the area increases proportionally less than the volume, we should consider differences in body volumes higher than those in body areas. Volume is proportional to biomass, i.e. to the amount of tissues needing supply with oxygen and nutrients. Our data show that tardigrades invest significant amounts of energy to tissues, and in particular, that M. richtersi invests a higher amount than H. convergens.
Males of H. convergens have continuous gonad maturation and are iteroparous, like those of M. richtersi (see Rebecchi & Bertolani 1994) . Females of H. convergens are confirmed to be iteroparous (Baumann 1961) , or more specifically, semicontinuous iteroparous as in M. richtersi (see Rebecchi & Bertolani 1994 ) and for all other eutardigrades, including the heterotardigrade echiniscids (Bertolani 2001) . Males of both species mature at a smaller size than females, but in absolute and relative values they seem to invest less energy in reproduction than females. Female RRE values are double that of male RRE in H. convergens and quadruple of that in M. richtersi. The percentage of mature males is lower in H. convergens. Even though mature males are in lower numbers, they have a testis, that in absolute and relative values, is larger than that of M. richtersi males. These data represent further evidence that the two species have different reproductive strategies.
Size and age are important in any consideration of the reproductive effort. In both sexes of M. richtersi, gonad size increases with animal size and also with animal age. This is in accordance with life history theories stating that, in stable populations, the optimal reproductive investment should increase with age (Gadgil & Bossert 1970; Charlesworth 1980) . In animals with indeterminate growth, as female and most male tardigrades, fecundity of organisms of the same age usually increases with size (Stearns 1992) , but current fecundity is related to previous reproductive decisions (Heino & Kaitala 1999) . In M. richtersi, the allometric relationship between body and gonad areas (together with the direct relationship between body area and RRE) evidence that the gonad increases proportionally more when animals are large (old). In M. richtersi, energetic investment devoted to oocytes production in a single reproductive event is higher in absolute and relative values in large animals than in small animals. In males with continuous germ cell maturation, the increase of gonad size is progressive during animal life.
Considering sexes together, H. convergens shows the same relationships between body and gonad areas found in M. richtersi. However, these relationships are not confirmed when sexes are analyzed separately. Females increase their gonad size in relationship to the increase of the animal size but in an isometric way, without relationships between animal size and RRE. These data imply that with age increase, gonads increase in size in absolute values but not in relative terms. Males of H. convergens, in contrast to females, show relationships neither between animal and gonad sizes nor RRE. The testis and its relative reproductive investment do not seem to increase in absolute and relative values with the size/age of animals. Nevertheless, females and males of H. convergens have RREs higher than those of males and females of M. richtersi.
Food supply can be considered among the proximate factors determining the reproductive investment (Thompson 1979; Stearns 1992) . These statements seem valid for tardigrades, also: in Milnesium tardigradum Doyère, 1840 egg number per clutch decreases when food is reduced (Suzuki 2003) . Food supply and other environmental factors affecting the resource allocation are generally age-, stage-, or size-dependent (Heino & Kaitala 1999) . Based on these assumptions, different RRE recorded between small and large animals can be related to the different food supply of animals in relationship to their size/age. Differences between the two species could be related to their different diets. Hypsibius convergens feeds on bacteria, fungi, and vegetal cells (Baumann 1961) ; M. richtersi is a carnivorous species feeding on nematodes, rotifers and other tardigrades (Altiero & Rebecchi 2001; Guidetti & Bertolani 2001; Hohberg & Traunspurger 2005) . All carnivorous tardigrades are relatively large animals, particularly the species belonging to the genus Milnesium, but also some Macrobiotus species, including M. richtersi. On the other hand, there are several herbivorous species characterized by large body sizes, e.g. many Dactylobiotus, Pseudobiotus, and some Macrobiotus. In M. richtersi, increase in body size allows an increase in predation rate (Hohberg & Traunspurger 2005) , and consequently, an increase in energy supplies.
Other differences between the two species are related to their population dynamics. In a two year study of the same populations, Guidetti (in preparation) found that the two species have seasonal variations with opposite trends. Macrobiotus richtersi is abundant during summer to early autumn periods, even though the number of animals is quite high during all seasons. Hypsibius convergens is abundant during winter to early spring periods with a reduced number of animals during other periods. We should stated that in summer there is a strong population decrease because cysts have been found always in a very limited numbers and specimens have been found mainly in the upper layer of leaf litter. This species is forced to concentrate its reproductive efforts within a relatively short time (few months) and to act as a fast colonizer. It establish a large community when conditions are favourable. Therefore, its RRE should always be high in such periods. The animals should mature in a short time, investing more energy to reproduction than to somatic growth (H. convergens specimens are smaller than M. richtersi specimens). Energy allocated to reproduction would always be high (H. convergens has a RRE higher than M. richtersi). This strategy seems to fit the theoretical model developed by Heino & Kaitala (1996) in which high levels of mortality select for early maturity, high reproductive effort, and smaller terminal size.
It has been proven that under laboratory conditions M. richtersi has a very long active lifespan (more than one year; Altiero et al. 2006) . The long lifespan of M. richtersi allows a high investment of energy for somatic growth and consequently high amount of energy for reproduction (RRE is higher when the animals are larger). Therefore, the increase of size gives a double selective advantage: increased predation rate and increased reproductive effort (in absolute and relative terms).
In tardigrades, reproduction is coupled to molt. Gonad size is constrained by the cuticle capacity and by the gut size (food sources) which competes for the space within the body cavity. The evolution of life-history traits are strictly connected with the energy allocation of organisms. The different characteristics found in the two species of tardigrades, H. convergens and M. richtersi, are defined by selective forces that solve contrasting actions of somatic and gonad growth on fitness.
